IMPORTANCE Postoperative pulmonary complications (PPCs), a leading cause of poor surgical outcomes, are heterogeneous in their pathophysiology, severity, and reporting accuracy.
3-5
Their incidence ranges from 6% to 80%, depending on definitions, severity considered (from atelectasis to acute respiratory distress syndrome [ARDS]), and presence of risk factors.
2,6-9 Estimates suggest that more than 1 million PPCs occur annually in the United States, with 46 200 related deaths and 4.8 million additional hospitalization days. 1 Previous studies on PPCs 1,2,6,10,11 have been mostly retrospective 10, 11 or based on administrative data, 1, 6 or they included patients at very different risk levels for PPCs.
2,11
Assessing the effect of PPCs on outcomes with administrative data, particularly those presumed mild and often omitted (eg, atelectasis or the supplemental oxygen postoperative requirement), is a challenge that hinders the development of effective specific measures. 1 Interventions to reduce PPCs include intraoperative intensive care unit (ICU)-like mechanical ventilation strategies, 5,10,12,13 which have been adopted over the past decade by US academic centers. 14,15 Yet, the contemporary incidence, clinical impact, and risk factors of individual PPCs after these practice changes are unknown. Detailed knowledge on current mild-to-severe PPCs is needed to identify modifiable risk factors in order to maximize the effectiveness of new interventions. Such an approach matches well with initiatives such as the perioperative surgical home 16, 17 and enhanced recovery after surgery.
18,19
We performed a multicenter prospective observational study in 7 US academic institutions of patients with severe systemic disease (American Society of Anesthesiologists [ASA] physical status class 3) undergoing prolonged noncardiothoracic surgery with general anesthesia and mechanical ventilation. This surgical population subset is particularly susceptible to PPCs 2 and would be an ideal target for future interventions based on their volume and severe, but not lifethreatening, disease burden. We hypothesized that in this patient cohort, PPCs, even those presumed mild, would be significantly associated with early postoperative mortality and use of hospital resources. To test our hypotheses, we prospectively quantified the incidence of early PPCs in this high-risk patient cohort and assessed the association of mild-to-severe PPCs with these outcomes. In addition, we analyzed the association between the incidence of PPCs and intraoperative ventilation settings and other relevant perioperative variables.
Methods

Study Design
In this study by members of the Perioperative Research Network, institutional review board approval was obtained at each participating institution. Either waiver of consent or an opt-out opportunity were approved as required by individual institutional review boards, based on the observational nature of the study and for feasibility of enrollment immediately before surgery.
Population
Eligible study patients were prospectively identified from the daily surgical schedule at all 7 institutions (May-November 2014). Patients were considered eligible and included if they fulfilled the following criteria immediately before surgery: age 18 years or older; ASA class 3 as determined in the preoperative evaluation and confirmed by the institutional principal investigator; any type of noncardiothoracic nonaortic surgery, including elective or emergency procedures; general anesthesia with endotracheal intubation and mechanical ventilation; and expected length of surgical procedure 2 hours or longer. Exclusion criteria included long-term preoperative continuous ventilatory support (continuous positive airway pressure /bilevel positive airway pressure) or oxygen dependency; tracheostomized patients; self-reported pregnancy; or life expectancy equal to or less than 30 days as estimated by the clinician's notes in the patient's medical record.
Study Protocol
The following data were collected. Immediately before surgery: age, sex, height, and weight; preexisting comorbidities (see preagreed standardized definitions and other methodological details in the eAppendix in the Supplement); medications; peripheral saturation of oxygen (obtained in the preoperative area with no supplemental oxygen); and hemoglobin concentration in blood (if available within 30 days prior to surgery). Intraoperative data included the surgical procedure; surgery duration (incision to end of surgery) and anesthesia duration (measure of duration of mechanical ventilation, defined as time from anesthesia induction to extubation and/or out of operating room time if the patient was transferred mechanically ventilated to the next care unit); mechanical ventilation settings; vital signs; neuromuscular blockade monitoring; presence of regional anesthesia; and administered fluids and medications. For ventilation settings and vital signs, the intraoperative median was calculated for each patient. Morphine equivalents of the administered opioids were calculated and adjusted to weight and anesthesia duration.
End Points
The main end point of this study was the incidence of PPCs, occurring within the first 7 postoperative days (PODs 
Statistical Analysis
The estimated sample size of 1000 patients provided 80% power to detect an odds ratio (OR) of 1.2 or greater as statistically significant for each ventilatory variable of interest and its association with the composite outcome of any of the PPCs, assuming a multiple correlation between the ventilatory variable and the other independent variables in the logistic regression of 0.25 or less, or 90% power to detect an OR of 1.3 or greater, assuming a multiple correlation of 0.50 or less observed earlier. 2 We summarized population characteristics, perioperative variables, PPCs, and outcomes. Any missing and outlier data values were individually revised for completion or correction or left as missing data points in our study database. All values represent mean (SD) or number (percentage), unless stated otherwise.
The association between the PPCs (composite and individual PPCs) with demographic data, perioperative data, and clinical outcomes were examined with χ 2 or Fisher exact tests for categorical variables and t test or Wilcoxon rank sum test for continuous variables. These PPC composite bivariable associations were then individually adjusted by clustering of patients within sites using simple hierarchical logistic regression with site as a random effect. Relevant covariates to include in the final model were identified as those with P values less than .10, clinical relevance, 5 and no significant statistical association with other relevant variables. For the final model, multivariable hierarchical logistic regression was used to model the relationships between the development of PPC and ventilatory settings. The linearity of each continuous predictor with the log odds outcome was checked graphically and, if not present, a variable log transformation was performed (eg, expected blood loss). Pearson correlation coefficients were used to assess collinearity between predictors. To examine the appropriateness of the final model, the intraclass correlation coefficient was calculated. The intraclass correlation coefficient represents the ratio of between-site variance to total variance and ranges from 0 to 1 (larger values representing stronger clustering effects). All analyses were performed using SAS version 9.4 (SAS Institute). A level significance of .05 was used for all statistical tests previously mentioned.
Results
The 1202 included patients underwent predominantly gastrointestinal, orthopedic, and neurological surgery (descriptive characteristics are shown in Table 1 Patients with 1 or more PPCs were significantly more likely to undergo abdominal/pelvic surgery, emergent and/or longer surgical procedures, and a general/regional combined anesthetic approach (compared with exclusively general anesthesia) ( Table 1) . Preoperative hemoglobin and room-air oxygen saturation were lower in patients who later developed PPCs. During the intraoperative period, patients presenting 1 or more PPCs were more likely to have received volume control ventilation with a slightly higher positive end-expiratory pressure (PEEP), but the median tidal volume (V T ) and inspired oxygen fraction (FiO 2 ) were not different from those received by patients with no PPC in the site-adjusted analysis (Table 1 ). This site-adjusted analysis also showed that patients with 1 or more PPCs had greater blood loss, volume of infused crystalloids or colloids, percentage of transfused blood products, and intraoperative phenylephrine for hemodynamic support. Patients with 1 or more PPCs more often received desflurane or ketamine and lower doses of morphine equivalents (in micrograms per kilogram per hour). The use of neuromuscular blocking agents, neuromuscular blocking agent monitoring, and neuromuscular blocking agent reversal were similar in all patients, but the dose of neostigmine was higher in those with 1 or more PPCs.
A third of the studied patients (n = 401) developed at least 1PPC( Table 2 ). The most frequent PPC was the prolonged (>1 day) need for oxygen supplementation by NC, followed by atelectasis and pleural effusion (Table 2) . Acute respiratory distress syndrome and pneumothorax were the least frequent Table 3) . Twenty-three patients were discharged from the hospital within 24 hours (Table 3 ). All patients with more than 1 PPC were admitted to the hospital. Median hospital LOS increased as the number of PPCs per patient increased. Two hundred and seventy patients (22.5%) were admitted to the ICU (Table 3) : 214 were admitted immediately after surgery and 56 within the following 7 PODs. The number of PPCs per patient was directly associated with the likelihood of admission to the ICU and median ICU LOS (Table 3) . Not only were severe PPCs-such as ARDS, reintubation with POMV, pneumonia, and rescue postoperative noninvasive ventilationassociated with increased ICU admission and LOS, but also atelectasis, pleural effusion, and prolonged oxygen requirement by NC/FM (Table 4) .
Nine patients (0.8%) died within the first 7 PODs (early postoperative mortality), all with more than 1 pulmonary complication (Table 3 ). The presence of 1 or more PPCs of any type was significantly associated with increased early mortality (2.3% in patients with ≥1 PPC vs 0% in patients with no PPCs; P < .001; see relative risk in Table 3 ). Early mortality rate was the highest in patients with ARDS and reintubation with POMV (50% and 14.3%, respectively, corresponding to relative risks [RR] of 74.8 [95% CI, 15.9-351.6] and 28.0 [95% CI, 7.5-104.6], respectively), but it was also significantly associated with pneumonia, pleural effusion, and atelectasis (observed rates of 9.1%, 7.0%, and 4.4%, respectively, and RRs of 15.3 [95% CI, 3.4-69.4], 75.3 [95% CI, 9.5-597.0], and undefined, respectively). Atelectasis was present in 9 patients and pleural effusion in 8, of the 9 patients with early postoperative death. Pneumothorax, bronchospasm, and requirement of prolonged use of oxygen by NC/FM were not associated with early mortality.
Significant variables from the site-adjusted bivariable analysis were individually evaluated as predictors of PPC (Figure) . Positive end-expiratory pressure and FiO 2 had no significant association with PPC development after adjusting for covariates in the logistic regression analysis. The estimated intraclass correlation coefficient (ratio of between-site variance to total variance) was 0.037, supporting the cluster (hierarchical) logistic regression model.
Discussion
In this prospective multicenter study, we observed that PPCs occur in one-third of noncardiothoracic surgical patients with severe systemic disease (ASA physical status 3) despite current intraoperative protective ventilation practices. The presence of at least 1 PPC, not only severe (eg, ARDS or pneumonia) but also mild (eg, atelectasis or oxygen requirement), was significantly associated with increased early postoperative mortality, ICU admission, and prolonged LOS in the ICU and hospital. In addition, we identified potentially modifiable factors for future targeted interventions, including colloid administration, lower preoperative oxygenation, blood loss, anesthesia duration, and V T setting (even within protective limits Our results indicate that PPCs affect a substantial number of this patient population. The observed incidence of at least 1 PPC in 33.4% of patients was higher than previous reports, 2,6-9 likely due to a combination of different patient characteristics, surgical procedures, and PPC definitions. Our prospective design and the attempt to be comprehensiveincluding interventions such as oxygen requirement, which are difficult to reliably extract retrospectively-could also contribute to these findings. Our findings underline that not only severe but also mild PPCs are associated with significantly increased morbidity, mortality, and ICU and hospital LOS. These outcomes varied with the type and number of PPCs. For example, the presence of pneumothorax, bronchospasm, and oxygen requirement by NC/FM were significantly associated with longer hospital LOS despite no association with mortality. The most severe PPCs-ARDS and reintubation with POMV-significantly increased the risk for early mortality risk (RRs, 74.8 and 28.0, respectively) and the ICU LOS but they were rare in ours and previous studies (Table 4) .
10,11 Importantly, less severe but considerably more frequent PPCs, such as atelectasis or pleural effusion, also increased the risk for mortality (RR calculated as undefined high owing to denominator equal to 0 or 75.3, respectively) and ICU/hospital LOS (see RRs in Table 4 ). Pneumonia could be considered a moderate PPC in both frequency and severity, increasing the risk for mortality (RR, 15.3) and the ICU/hospital LOS (Table 4) . Therefore, interventions to reduce less-severe PPCs may offer previously unrecognized and substantial opportunities for improvements in postoperative outcomes and use of hospital resources. We found modifiable and nonmodifiable variables independently associated with PPCs. While some were noted in previous studies, their relative association to outcomes differed, providing a more specific and contemporary measure of their relevance in the studied setting. Nonmodifiable factors (age and abdominal or emergency surgery) were consistent with previous literature 2,11,25,26 and emphasize the need for enhanced interventions to specifically address these groups.
Modifiable factors-such as preoperative oxygenation, procedure duration, and blood loss-offer an opportunity for testing multidisciplinary strategies, such as early identification of high-risk patients and effective prevention strategies. Thus, our results indicate that control of fluid replacement is an important area of intervention for reduction of PPCs. Future studies should address the role of individual fluids and criteria for administration. Intraoperative V T was another modifiable variable associated with PPC after covariate adjustment. There is an increased interest in perioperative protective mechanical ventilation and a trend to use lower intraoperative V T s despite limited information on the specific optimal settings for different surgical patients. Future specific studies will be required to establish the effect of those variables on surgical outcomes. Of note, our high incidence of PPCs, even in the presence of protective ventilatory strategies, 10 implies that interventions to reduce PPCs will need to address factors beyond mechanical ventilation to effectively impact outcome. Our collaborative effort successfully characterized the epidemiology of individual PPCs in a contemporary multicenter high-risk cohort. This study was developed in a detailoriented manner with preagreement of terms and data to be collected. Our investigation exploited information extraction from electronic medical record systems. The prospective enrollment, data collection, and validation add reliability to 
Limitations
Our study presents several limitations primarily related to its observational nature, preselection of specific PPC definitions, and possible multiple testing. The need for oxygen therapy was determined by local practices and not by the implementation of a common protocol. This has likely introduced heterogeneity with potential avoidable oxygen therapy but also untreated hypoxemia being present in our sample. Indeed, hypoxemia 32 has been found to be a common, persistent, and often underdiagnosed postoperative complication. The association of this variable with the reported outcomes, even in the presence of that heterogeneity, emphasizes its importance. Radiological examinations were not obtained in all patients and therefore may induce a selection bias. We addressed the residual bias and confounding effects with adjusted analyses. Our findings reflect statistical associations and do not imply cause-effect relationships. Finally, our patient population limited to ASA physical status 3 and 7-day postoperative follow-up after noncardiothoracic nonaortic surgery may limit the generalizability of our results to other populations.
Conclusions
Postoperative pulmonary complications occurred in onethird of all patients with severe systemic disease (ASA physical status 3) undergoing noncardiothoracic surgery of 2 hours or more in 7 major US academic centers. The development of at least 1 PPC, even those presumed mild, was associated with significantly increased early postoperative mortality, ICU admission, and prolonged LOS in the ICU and hospital. A high incidence of PPCs was observed even in the presence of ventilation settings that were consistent with protective ventilatory strategies. Postoperative pulmonary complications frequently considered mild (eg, atelectasis and prolonged oxygen therapy requirement) deserve increased attention. Efforts to reduce these mild PPCs may contribute to improved perioperative outcomes and shorter hospital stays. These multidisciplinary interventions should include the management of fluid administration, preoperative oxygenation, blood loss, anesthesia duration, and intraoperative V T . 
